Introduction
The cholesteryl ester transfer protein (CETP) 1 is a 74,000-M r glycoprotein which mediates the transfer of cholesteryl esters (CE) from HDL to triglyceride-rich lipoproteins (1) . In human genetic CETP deficiency, HDL cholesterol and apo A-I levels are markedly increased, indicating that CETP has a major effect on the catabolism of HDL (2) . CETP seems to have an important role in reverse cholesterol transport. By transferring CE from HDL to triglyceride-rich lipoproteins, which are subsequently cleared in the liver, CETP promotes the movement of CE from plasma to the liver (1, 3, 4) . CETP may also promote the transfer of cholesterol from peripheral tissues into HDL both by driving the lecithin: cholesterol acyltransferase reaction (3, 5) and by acting in conjunction with hepatic lipase to promote the formation of smaller HDL particles, which are optimal mediators of cellular cholesterol efflux (6) .
In animals and humans, plasma CETP levels are increased in response to a high fat, high cholesterol diet (7) (8) (9) . Studies in human CETP transgenic mice indicate that this is due to an increase in CETP mRNA mediated by an increase in CETP gene transcription, particularly in the liver (10) . Recent studies suggest that the increase in CETP mRNA depends on DNA elements found within the proximal promoter of the human CETP gene (11) . Little is known of the mechanisms by which dietary hypercholesterolemia leads to changes in CETP gene expression. The major routes for uptake of lipoprotein cholesterol into liver cells are thought to involve the LDL receptorrelated protein (LRP) and LDL receptors (12). The principal ligand mediating lipoprotein clearance by LRP is apo E.
To investigate the mechanism of altered CETP gene expression in the liver, we have crossbred human CETP transgenic mice with apo E and LDL receptor gene knockout mice. Apo E knockout mice have severe hypercholesterolemia on a chow diet (13, 14) , and LDL receptor knockout mice develop marked hypercholesterolemia on a high cholesterol diet (15, 16) . The results indicate a marked increase of plasma CETP levels paralleling increased hepatic CETP gene expression in both apo E and LDL receptor knockout backgrounds, with further increases of CETP gene expression on a high cholesterol diet. The findings suggest that hepatic sterol sensitive genes have mechanisms to sense hypercholesterolemia that do not require uptake of lipoproteins by LDL receptors or LRP.
Methods
Transgenic mice. Studies have been conducted with natural flanking region (NFR)-CETP transgenic mice (line 5203), which express a human CETP transgene including 3.2 kb and 2 kb of the 5 Ј and the 3 Ј flanking region, respectively (10), or metallothionein (mT)-CETP transgenic mice, which express the human CETP transgene under the control of the mouse metallothionein-1 promoter (3). CETP transgenic mice were bred into either the apo E knockout (E0) (13, 14) or LDL receptor knockout (LDLr0) background (15) . To generate the study populations C57Bl/6 ϫ CBA hybrid mice containing the CETP transgene were crossed with C57Bl/6 ϫ 129 hybrid mice containing the apo E0 mutation or C57Bl/6 ϫ 129 hybrid mice containing the LDLr0 mutation. The resulting F1 generation, either apo E ϩ / Ϫ or LDL receptor ϩ / Ϫ mice containing the CETP transgene, was subsequently backcrossed with apo E0 or LDLr0 mice. Male and female transgenic mice and their nontransgenic littermates were used in all experiments. The mice were fed a regular chow diet containing 4% fat and 0.02% by weight cholesterol (lab rodent chow 5001; Ralston Purina Co., St. Louis, MO), a "Western-type" diet containing 20% fat and 0.15% by weight cholesterol (Research Diets, New Brunswick, NJ; 80% Purina 5001 mixed with 20% of hydrogenated coconut oil), or a very high cholesterol 15% fat diet containing 1.25% by weight cholesterol, and 0.5% sodium cholate (Teklad Premier Laboratory Diets, Madison WI; formulated by mixing 75% rodent chow [containing 11% fat] and 25% of a 7.5% cocoa butter mix). The mice had access to food and water ad lib.
Plasma lipid and lipoprotein analysis. Blood was collected from the retroorbital venous plexus under methoxyflurane anesthesia between 11:00 a.m. and 3:00 p.m. Plasma lipoprotein analysis was performed by fast performance liquid chromatography (FPLC) gel filtration using a Superose 6 column (Pharmacia LKB Biotechnology, Uppsala, Sweden) as described previously (4) . A 200-l aliquot of pooled plasma (from at least five mice) was loaded onto the column and eluted with TSE buffer (50 mM Tris, 0.15 M NaCl, 2 mM EDTA, pH 7.4) at a constant flow rate of 0.35 ml/min. An aliquot of 80 l from each fraction was used for the determination of total and free cholesterol. Total cholesterol and free cholesterol in plasma and column fractions were assayed by enzymatic methods (Wako Bioproducts, Richmond, VA).
RNA analysis. Total RNA was isolated from liver using the guanidinium thiocyanate method (17) . The integrity and quality of all RNA samples were determined by electrophoresis on small agarose borate gels. Various amounts of total RNA from mouse liver were analyzed for CETP, LDL receptor, and 3-hydroxy-3-methylglutaryl-(HMG)-CoA reductase mRNAs by solution hybridization-ribonuclease protection assay. For the human CETP mRNA, a human CETP cRNA probe was prepared from the human cDNA which included part of exon 16 and 3 Ј untranslated region (7) . For the mouse LDL receptor mRNA, a mouse LDL receptor cRNA probe corresponding to nucleotides 1247-1308 was prepared (18) . For HMG CoA reductase mRNA, a mouse HMG CoA reductase cRNA probe was prepared from the mouse cDNA corresponding to nucleotides Ϫ 3-57 (18) . A ␤ -actin probe was included in the solution hybridization of the CETP assays, and all CETP mRNA values were normalized for recovery of ␤ -actin. The assays were performed as described previously (7) . Briefly, total RNA from mouse liver was dissolved in 30 l 80% formamide, 40 mM Pipes, 0.4 M NaCl, and 1 mM EDTA, pH 6.4, containing 1 ϫ 10 5 cpm uridine 32 P-labeled RNA probe. After denaturation at 85 Њ C for 5 min, the mix was incubated for 16 h at 48 Њ C. The next day samples were incubated for 2 h at 30 Њ C with 350 l of buffer containing 50 mM sodium acetate, 0.1M NaCl, 2 mM EDTA, pH 5.0, and RNase T2 at a final concentration of 60 U/ml. The reaction was extracted with phenol-chloroform and the 32 P-RNA-RNA hybrid precipitated with carrier tRNA and ethanol. The precipitate was analyzed on a 6% polyacrylamide-urea sequencing gel. The protected fragment was visualized by autoradiography and quantitated by gel scanning using a laser densitometer (Molecular Dynamics Inc., Sunnyvale, CA).
Determination of plasma CETP concentration and activity. The concentration of CETP in plasma was determined by solid-phase competition RIA using the CETP mAb (TP2) (19) . The activity of CETP was determined using radiolabeled lipoprotein substrates in diluted plasma as described previously (20) .
Measurement of hepatic cholesterol content. Livers were perfused in vivo with sterile saline and total lipids were isolated as described (21) . Free and esterified cholesterol were determined by gas chromatography.
Statistical analysis. Differences between groups were tested by Student's t test or one-way ANOVA where appropriate. All analyses were performed with the Statview TM SE ϩ software (Abacus Concepts, Inc., Berkeley, CA). Significance levels using the t test are those for two-tailed test. Data are presented as mean Ϯ SEM.
Results
To examine the effects of endogenous hypercholesterolemia on CETP gene expression, we crossed human CETP transgenic mice with either apo E knockout (E0) or LDL receptor knockout (LDLr0) mice. The mice were studied on chow or high cholesterol diets. Plasma cholesterol levels are shown in Table I . Plasma cholesterol is significantly decreased in NFR-CETP transgenic (Tg) mice compared to control mice on chow due to the reduction in HDL-cholesterol (C) mediated by CETP (10) . Plasma total cholesterol levels on the different diets were similar to published reports (13) (14) (15) 22) . Total cholesterol levels increased 1.3-and 1.7-fold after cholesterol feeding in NFR-CETP Tg and control mice, respectively. Plasma cholesterol on a chow diet was elevated ninefold in E0 mice compared to control mice, and a further increase was observed on a high cholesterol diet. NFR-CETP/E0 mice did not have significantly different total cholesterol levels compared to E0 mice on any of the diets. Compared to controls, plasma total cholesterol was increased 2-3-fold in chow-fed LDLr0 mice, 4-fold on the Western-type diet (0.15% cholesterol), 6-fold after receiving the very high cholesterol (1.25% cholesterol) diet for 4 mo, and 11-fold after 7 mo on this diet. CETP gene expression did not have a significant effect on plasma total cholesterol levels in NFR-CETP/LDLr0 mice compared to LDLr0 mice on any of the diets.
Plasma CETP concentration and CETP mRNA in E0 and LDLr0 backgrounds. Breeding the CETP transgene into the E0 background resulted in a marked (7.5-fold) increase in plasma CETP concentration compared to CETP transgenic controls on the chow diet ( Fig. 1 A , P Ͻ 0.0001). Assay of CETP activity in diluted plasma showed an increase proportionate to the change in CETP mass (not shown). When placed on a high cholesterol diet, the NFR-CETP Tg mice showed a threefold increase in plasma CETP levels, while the NFR-CETP/E0 mice experienced a further increase in plasma CETP levels to 13 times control. The CETP transgene was also bred into the LDL receptor knockout (LDLr0) background in order to consider a possible requirement for LDL receptors in induction of CETP gene expression in response to hypercholesterolemia. On a chow diet there was a 3.3-fold increase in plasma CETP levels in NFR-CETP/LDLr0 compared with NFR-CETP transgenic mice ( Fig. 1 A , P Ͻ 0.0006). When placed on the very high cholesterol diet (1.25% cholesterol) the NFR-CETP Tg/LDLr0 mice showed an 11-fold increase in plasma CETP compared to NFR-CETP Tg mice on chow ( P Ͻ 0.0006). Plasma CETP was not significantly changed in mT-CETP Tg mice compared to mT-CETP Tg/E0 controls, 2.0 Ϯ 0.32 vs 1.4 Ϯ 0.12 g/ml, respectively. In these mice CETP transgene expression is driven by the mT promoter rather than the sterol-sensitive NFR. Thus CETP induction in response to endogenous hyperlipidemia is dependent on the natural 5 Ј flanking region of the CETP transgene, suggesting a change in CETP mRNA. Although CETP is expressed in both central and peripheral tissues (10), the increase in CETP mRNA in E0 and LDLr0 mice was found primarily in the liver. Examination of hepatic CETP mRNA revealed a sevenfold increase in chow-fed NFR-CETP Tg/E0 mice compared to NFR-CETP Tg controls and an eightfold increase on the high cholesterol diet (Fig. 1 B , P Ͻ 0.0003). Measurement of CETP mRNA in other principal organs where CETP mRNA is expressed (10) showed a twofold increase in spleen (not significant) and no change in small intestine in NFR-CETP/E0 mice compared to control NFR-CETP Tg mice on chow (not shown). Hepatic CETP mRNA abundance was induced threefold in NFR-CETP/LDLr0 mice on a chow diet and sixfold on the high fat, high cholesterol diet compared to NFR-CETP Tg controls ( Fig. 1 B , P Ͻ 0.005). The parallel changes in plasma CETP and hepatic CETP mRNA (compare Fig. 1, A and B ) suggest that the marked increase in plasma CETP levels in NFR-CETP Tg/E0 mice largely results from increased CETP transgene expression in the liver, even though the animals lack an important ligand (apo E) for lipoprotein uptake by LDLr and LRP (12, 23, 24). In addition, hepatic CETP gene expression can also be induced by hypercholesterolemia in the absence of LDL receptors.
Correlation of total plasma cholesterol with plasma or hepatic CETP mRNA. To help explain the mechanism of plasma CETP induction in CETP transgenic mice bred into the endogenous hypercholesterolemic backgrounds, we correlated plasma total cholesterol and CETP levels in the different lines of CETP Tg mice. With increasing plasma total cholesterol levels there is a progressive increase in plasma CETP levels; plasma CETP was highly correlated with ln plasma cholesterol ( r 2 ϭ 0.95, P Ͻ 0.0003; Fig. 2 A ) . A similar correlation was observed between ln plasma total cholesterol and hepatic CETP mRNA (Fig. 2 B ) . This correlation ( r 2 ϭ 0.89, P Ͻ 0.005) was not quite as strong, since the induction of hepatic CETP mRNA was not proportionate to increases in plasma cholesterol levels in the CETP/E0 mice (Fig. 1 B ) . There was a high correlation between plasma CETP concentration and hepatic CETP mRNA in the different groups ( r 2 ϭ 0.89, P Ͻ 0.01). HMG CoA and LDLr mRNAs in E0 and LDLr0 backgrounds. HMG CoA reductase and LDL receptor genes are down-regulated by dietary cholesterol (24, 25) . Therefore it was of interest to see if these genes also showed altered regulation in the E0 background. The mRNAs for these genes were measured in samples derived from the studies shown in Fig. 1 . Hepatic HMG CoA reductase mRNA was decreased in NFR-CETP/E0 and E0 mice compared to NFR-CETP Tg mice (Fig.  3 A, P Յ 0.001) . Hepatic LDL receptor mRNA was also decreased in both NFR-CETP/E0 and E0 mice compared to NFR-CETP Tg mice, but the change was only significant for E0 mice (Fig. 3 B, P Ͻ 0.04) . In another set of animals resulting from a different breeding scheme, hepatic LDL receptor mRNA was significantly down-regulated in E0 versus wildtype mice (not shown). Differences in LDLr or HMG CoA reductase mRNA abundance in NFR-CETP/E0 compared with E0 mice were not significant (Fig. 3, A and B) . These results suggest down-regulation of LDL receptor and HMG CoA reductase genes in the apo E knockout background with no significant additional effect resulting from CETP expression. Thus several different sterol-sensitive genes show evidence of altered regulation in the livers of E0 mice, consistent with an increased sterol regulatory pool in the liver.
Hepatic cholesterol content. Compared to control mice, E0, and NFR-CETP/E0 mice showed small but significant increases in hepatic CE content (Table II) . This could result from an increase in acyl CoA: cholesterol acyltransferase activity; also responding to an increase in the putative sterol regulatory pool. Compared to control mice, NFR-CETP Tg mice showed increases in hepatic cholesterol and CE as reported previously (4), but CETP did not result in increased cholesterol or CE in the E0 background. Thus, the increased hepatic cholesterol content mediated by CETP expression (4) may require apo E.
NFR-CETP/LDLr0 Tg mice. Thus, in the LDLr0 background, the dietary induction of plasma CETP became dissociated from the usual effects of CETP on the plasma lipoprotein profile.
Discussion
By crossing a human CETP transgene with intact flanking sequences into apo E or LDL receptor gene knockout backgrounds, we have shown that genetically determined hypercholesterolemia can profoundly induce CETP gene expression. There is a marked increase in plasma CETP levels primarily resulting from an increase in hepatic CETP mRNA, even though apo E0 mice show only slight changes in liver cholesPlasma lipoprotein analysis. The distribution of cholesterol in lipoproteins, as determined by FPLC analysis of pooled plasma is shown in Figs. 4 and 5 . In the chow-fed NFR-CETP/ E0 mice there was an ‫%04ف‬ reduction in HDL-C and a 23% increase in VLDL-C compared to E0 mice (Fig. 4) . In chowfed NFR-CETP/LDLr0 mice there was a 24% decrease in HDL-C and no change in LDL-C compared to LDLr0 mice (Fig. 5 A) . When placed on the Western-type diet (0.15% cholesterol), there was only a slight decrease in HDL-C (13%) in NFR-CETP/LDLr0 mice (Fig. 5 B) , despite a 2.6-fold induction of plasma CETP by the diet (Fig. 1) . On the 1.25% cholesterol diet there was a marked increase in LDL-C and no detectable change in HDL cholesterol, comparing LDLr0 and Figure 1 . Plasma CETP concentration and hepatic CETP mRNA abundance in NFR-CETP and NFR-CETP/E0 and NFR-CETP/ LDLr0 mice on chow or high fat, high cholesterol (1.25% chol) diets. Mice were on either chow or a 1.25% cholesterol diet for at least 1 wk before they were killed. (A) Plasma CETP was determined by RIA. All values are meanϮSEM from 5 to 15 mice per genotype/ diet condition. NFR-CETP Tg mice on the 1.25% cholesterol diet is significantly different to chow (P Յ 0.0003). For the NFR-CETP/ E0 mice both chow and 1.25% cholesterol diets were significantly different to NFR-CETP Tg mice on the same diet (P Ͻ 0.0001). The value for NFR-CETP/E0 mice on 1.25% cholesterol diet was significantly different compared to the same genotype on chow diet (P Ͻ 0.03). The value for the NFR-CETP/LDLr0 mice on either chow or 1.25% cholesterol diet was significantly different to NFR-CETP Tg mice (P Ͻ 0.0006). NFR-CETP/LDLr0 on 1.25% cholesterol diet was significantly different compared to the same genotype on chow diet (P Ͻ 0.0002). (B) Hepatic CETP mRNA abundance in NFR-CETP, NFR-CETP/E0, and NFR-CETP/ LDLr0. Hepatic CETP mRNA abundance was determined by RNAse protection assay. The human CETP riboprobe was hybridized with 15 or 50 g of liver total RNA. The values are meanϮSEM from 5 to 15 mice per genotype/ diet condition, except for CETP/ LDLr0 mice on chow, n ϭ 3. NFR-CETP Tg on 1.25% cholesterol diet was significantly different compared to chow diet (P Ͻ 0.0004). NFR-CETP/E0 mRNA abundance on either chow or 1.25% cholesterol diet was significantly different to NFR-CETP Tg mice on the same diet (P Ͻ 0.0003). NFR-CETP/LDLr0 mRNA abundance on either chow or 1.25% cholesterol diet was significantly different to NFR-CETP Tg mice on the same diet (P Ͻ 0.005). conc., concentration.
(12), it appears improbable that this pathway would be involved in a feedback loop that involves a positive response (i.e., increased CETP gene transcription) in response to hypercholesterolemia. Thus, we conclude that the sensing mechanism does not require classical receptor-mediated endocytosis. One possibility is that lipoprotein free cholesterol, markedly increased in apo E knockout mice (Table I) , equilibrates with plasma membrane and intracellular pools of free cholesterol (presumably in the endoplasmic reticulum) which then alter the expression of sterol-sensitive genes. Another possibility is that lipoprotein cholesterol is taken up by nonspecific endocytosis or by an unknown hepatic receptor, leading to changes in regulatory sterol pools.
Recently, there has been tremendous progress in the understanding of the mechanism of regulation of sterol-sensitive genes. The LDL receptor gene has been shown to be regulated by transcription factors (SREBPs) which reside in the endoplasmic reticulum and are activated by proteolysis when cells are deprived of cholesterol (27, 28) . The CETP gene is up-regulated by sterols, and the proximal promoter of the CETP gene does not contain the consensus sterol regulatory element of the LDL receptor gene. Thus, the mechanism of altered transcription of the CETP gene is likely to be distinctive. However, the proximal mechanisms for sensing changes in plasma cholesterol, possibly involving minute changes in endoplasmic terol content. There is evidence that other hepatic sterol-sensitive genes also display altered regulation in apo E gene knockout mice. The results suggest that liver cells have a sensitive mechanism to detect plasma cholesterol levels that does not require classical receptor-mediated endocytosis involving apo E or LDL receptors.
The increase in hepatic CETP mRNA abundance with increasing cholesterol levels suggests that liver cells have a sensitive mechanism to detect altered plasma cholesterol levels. This process may also lead to the regulation of other sterolresponsive genes since hepatic LDL receptor and HMG CoA reductase mRNAs were decreased in the apo E0 mice. Also, hepatic acyl-CoA: cholesterol o-acyltransferase activity seems to be stimulated in response to changes in a hepatic regulatory cholesterol pool, resulting in small increases in CE content in apo E0 mice (Table II) . The sterol-sensing mechanism is unlikely to involve receptor-mediated endocytosis by LDL receptors or LRP, since it operates efficiently in both apo E0 and LDLr0 mice. Conceivably, in apo E0 mice the mechanism could involve uptake of apo B lipoproteins by LDL receptors. However, in compound LDLr0/apo E0 mice, plasma cholesterol levels are the same as in apo E0 mice, indicating that this pathway plays a minor role in clearing plasma cholesterol in E0 mice (26) . Furthermore, since LDL receptors are efficiently down-regulated as they internalize lipoprotein cholesterol increase in plasma CETP levels due to increased binding to cholesterol-rich lipoproteins. The increase in plasma CETP levels, whether of dietary or endogenous origin, is mediated by increased CETP gene expression. This is shown by lack of change of plasma CETP in mice containing a metallothionein promoter-driven CETP transgene in the apo E knockout background and a close correlation between plasma CETP concentration and hepatic CETP mRNA in the different groups. However, in E0 and LDLr0 backgrounds on the very high cholesterol diet, the increase in plasma CETP concentration seemed disproportionately larger than the increase in hepatic CETP mRNA (Fig. 1, A and B) , suggesting additional mechanisms such as impaired clearance of plasma CETP at very high plasma cholesterol concentrations.
Why is there such marked sensitivity of CETP gene expression to increases in plasma cholesterol levels? The answer to reticulum cholesterol content levels, may be shared by CETP, HMG CoA reductase, LDLr, and other sterol-sensitive genes. A general relationship between plasma cholesterol levels and CETP levels was suspected by Zilversmit and Son (29) , who showed that cholesterol-fed rabbits or Watanabe rabbits with defective LDL receptors had two-to threefold increases in plasma CETP activity. However, Quig and Zilversmit (30) thought that such a relationship would likely reflect a passive this question may lie in an understanding of the function of CETP in cholesterol homeostasis. By stimulating the transfer of cholesteryl esters from HDL to triglyceride-rich lipoproteins, CETP normally enhances the return of cholesterol from the plasma to the liver, resulting in a lowering of plasma cholesterol levels (1, 3, 4) . In chow-fed CETP transgenic mice, there is a decrease in plasma total cholesterol and HDL cholesterol, compared to control mice (3, 4) ; these effects of CETP expression are exaggerated in hypertriglyceridemic apo CIII transgenic mice (31) . In CETP transgenic mice there is a marked depletion of lipoprotein free cholesterol (expressed as C/CE or C/PPL ratios) in all lipoprotein classes, suggesting that CETP may stimulate cholesterol esterification in vivo, possibly by transferring CE out of HDL and thereby driving the lecithin:cholesterol acyltransferase reaction (3, 5) . If the hepatic sensor of hypercholesterolemia which drives CETP expression is, in fact, monitoring plasma free cholesterol concentration, there may be a negative feedback loop where increased plasma free cholesterol concentration drives CETP gene expression, leading to decreased plasma free cholesterol. However, the profound increase in plasma CETP in E0 and LDLr0 mice was not accompanied by proportionate effects of CETP on total plasma cholesterol, free cholesterol, or HDL-C. These normal functions of CETP may be impaired, since E0 and LDLr0 mice do not have hypertriglyceridemia (13) (14) (15) , which normally drives the cholesteryl ester transfer process (31, 32) .
In cross-sectional human studies, plasma CETP levels have generally been found to correlate with plasma cholesterol levels (5, 20) . For example, in a recent study, compared with 50 normolipidemic males, 113 hypercholesterolemic individuals had a 42% higher mean CETP activity (proportional to mass), and ‫%06ف‬ of these patients had CETP activities outside the normal range. A comparable elevation of CETP was observed in 47 patients with combined hyperlipidemia. Although these studies were interpreted to suggest that increased plasma CETP levels might contribute to hypercholesterolemia (33) , the present results show a marked sensitivity of human CETP gene expression to hypercholesterolemia. Moreover, the marked induction of CETP in apo E0 and LDLr0 mice was not accompanied by corresponding large increases in VLDL or LDL cholesterol. Thus, the correlation between plasma CETP levels and plasma cholesterol levels in humans probably largely reflects increased CETP gene expression, secondary to hypercholesterolemia.
It has long been known that sterol-sensitive genes could be regulated by direct delivery of nonlipoprotein cholesterol in cultured cells (34, 35) , and also that nonreceptor pathways play a role in the clearance of LDL from plasma (36) . The present study provides in vivo evidence that nonreceptor pathways for delivering cholesterol to liver cells may be important in the physiological regulation of sterol-sensitive genes.
